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INTRODUCTION
associated with protein and amino acid catabolism were mainly increased early (3 h) but also 24 116 h after infection, when bacteria were already in vacuoles derived from the endoplasmic 117 reticulum. This was also the case of enzymes involved in glutamate synthesis, suggesting 118 conversion of amino acids into glutamate and α-ketoglutarate. Accordingly, amino acid-based 119 alternatives may be the preferred solution for B. abortus to derive precursors for the TCA cycle 120 and ancillary routes during the midpoint time course of infection. At later times, the same authors 121 observed an increase in proteins involved in transport, suggesting that the endoplasmic 122 reticulum is able to supply at least some of the substrates required for bacterial growth.
123
Likewise, the pentose phosphate shunt seemed to partially resume its functions.
124
Although the information given by these studies is valuable, the central metabolic pathways 125 used by Brucella during infection remain unclear. The results are contradictory in some cases, 126 as for the glyoxylate cycle or the metabolic activity in cells. In addition, some studies suggest the 127 availability of sugars in the replicative niche whereas others indicate that amino acids could be 128 the preferred C source in vivo, which may require a gluconeogenic metabolism. Indeed, 10 mL of Peptone-Yeast Extract-Glucose in a 50 mL flask and incubated at 37ºC with orbital 166 shaking for 18 h. These exponentially growing bacteria were harvested by centrifugation, 
204
then selected by Nal and sucrose resistance and Km sensitivity. The resulting colonies were 205 screened by PCR with primers fbp-F1 and fbp-R4, which amplified a fragment of 396 bp in the 206 mutant and a fragment of 1332 bp in the sibling revertant strain. The mutation resulted in the 207 loss of about 98% of the fbp ORF and the mutant strain was called BABΔfbp.
208
The glpX mutant was constructed in a similar way. Primers glpX-F1 (5 -209 ACGGTGATTCTGGTGACACA-3 ) and glpX-R2 (5 -CGAGCTCCAGTGTGAGAATG-3 ) were 210 used to amplify a 576 bp fragment including 61 bp of the glpX ORF as well as 515 bp upstream 211 of the glpX start codon, and primers glpX-F3 (5 -212 CATTCTCACACTGGAGCTCGATACGACAGATCCGGACGAG-3 ) and glpX-R4 (5 -213 CATCATACAGTTGCCGATGG-3 ) were used to amplify a 574 bp fragment including 371 bp of 214 the glpX ORF and 203 bp downstream of the glpX stop codon. Both fragments were ligated by 215 overlapping PCR using primers glpX-F1 and glpX-R4, and the fragment containing the deletion 216 allele was cloned into pCR2.1 to generate plasmid pAZI-3, sequenced to confirm that the glpX 217 ORF had been maintained, and subcloned in pJQKm to produce the mutator plasmid pAZI-4.
218
This plasmid was then introduced into B. abortus 2308 and the deletion mutant generated by 219 allelic exchange was selected by Nal and sucrose resistance and Km sensitivity and by PCR 220 using oligonucleotides glpX-F1 and glpX-R4, which amplified a fragment of 1150 bp in the 221 deletion strain and a fragment of 1705 bp in the BABglpX-sibling revertant strain. The mutation 222 resulted in the loss of approximately 56% of the glpX ORF, and the mutant was called 223 BABΔglpX.
224
To construct the BABΔfbpΔglpX double mutant, the mutator plasmid pAZI-4 was 225 introduced into strain BABΔfbp. After allelic exchange, the double mutant was selected as 226 described above using primers glpX-F1 and glpX-R4.
227
BABΔaceA was constructed using the same strategy. Oligonucleotides aceA-F1 (5 - 
248
The resulting mutator plasmid pAZI-6 was introduced into B. abortus 2308, where it was 249 integrated in the chromosome. A second recombination generated the excision of the plasmid.
250
The resulting colonies were screened by PCR (with pckA-F1 and pckA-R4) amplifying a 251 fragment of 538 bp in the mutant and a fragment of 1864 bp in the sibling revertant strain. The 
267
Primers ppdKII-F1 (5'-CTCCCGATTCATTTTTCACG-3'), ppdKII-R2 (5'-
268
CTGCTCATTTCAGCCAGGTT-3'), ppdKII-F3 (5'-269 AACCTGGCTGAAATGAGCAGCGGGTCTCGACTATGTGTCC-3') and ppdKII-R4 (5'-270 TCAACGCATCAAAGCAGAAG-3') were used to obtain the mutator plasmid pAZI-10. This 271 plasmid was introduced into B. abortus 2308 to obtain a ppdK mutant that maintained only the 272 34 first amino acids of PpdK (BABΔppdK-II). This mutant had the same phenotype as the one 273 previously described. Thus, the mutator plasmid pAZI-10 was also introduced into strain
274
BABΔpckA carrying the pckA mutation to obtain the double mutant BABΔpckAΔppdK.
275
BABΔmae was constructed using primers mae-F1 (5 -TATGACGGCGCACTTGTCTA-3 ) 
282
was cloned into pCR2.1 to generate pMZI-3, sequenced to confirm that the mae ORF had been 283 maintained, and subloned into pJQKm to produce the mutator plasmid pMZI-4. This plasmid was 284 then introduced into B. abortus 2308 and the mutant and sibling revertant strains generated by 285 allelic exchange were selected by Nal and sucrose resistance and Km sensitivity and by PCR 286 using oligonucleotides mae-F1 and mae-R4, which amplified a fragment of 717 bp in the deleted 287 strain and a fragment of 2739 bp in the sibling revertant strain. The mutation generated resulted 288 in the loss of the 87% of the mae ORF.
12
To check the different mutations, we used internal primers (gene-R5) hybridizing in the deleted 290 regions.
291
For complementation, a plasmid carrying ppdK was constructed using the Gateway cloning 292 Technology (Invitrogen). Since the sequence of ppdK from B. abortus and B. melitensis is 99% 293 identical, the clone carrying ppdK was extracted from the B. melitensis ORFEOMA and the ORF 294 subcloned into plasmid pRH001 (31) to produce plasmid pAZI-19. This plasmid was introduced 295 into BAB ppdK by mating with E. coli S17 pir and the conjugants harboring this plasmid 296 (designated as BAB ppdK pAZI-19) were selected by plating the mating mixture onto tryptic soy centrifuging the plates at 400 × g for 10 min at 4°C. After incubation for 15 min at 37°C under a 330 5% CO 2 atmosphere, extracellular bacteria were removed with four DMEM washes followed by 331 Genta treatment (100 g/mL) for 90 min. Then, fresh medium supplemented with 25 g/mL of 332 Genta was added and incubation carried on. Two, 24 and 48 h later, cells were washed three 333 times with 100 mM phosphate buffered saline (pH 7.2), lysed with 0.1% (v/v) Triton X-100 in 334 phosphate buffered saline, and plated on TSA to determine the number of intracellular bacteria.
335
All experiments were performed in triplicate (32). Results were expressed as mean and standard 
372

RESULTS
373
Dysfunction of B. abortus fbp, glpX, ppdK and mae but not of pckA or aceA homologues 374 affects growth on gluconeogenic substrates in vitro. The conversion of fructose-1,6-bisP 375 into fructose-6-P mediated by the cognate bisphosphatase(s) (FBPases) is the only irreversible 376 step among those taking part in gluconeogenesis in Brucella (Fig. 1) . Therefore, FBPase activity 377 is strictly necessary to grow under gluconeogenic conditions.
378
As in E. coli and Salmonella, the B. abortus 2308 genome presents two ORFs of putative 379 FBPases: BAB2_0364 and BAB1_1292. The former is predicted to encode a protein of 340 380 amino acids that belongs to the class I FBPases (Fbp), and the latter a 328 amino acid protein 381 ortholog to E. coli GlpX, a FBPase of class II (Fig. 1) . In E. coli, Fbp is connected to the 382 production of fructose-6-phosphate for nucleotide, polysaccharide and aromatic amino acid 
386
We constructed mutants carrying in frame deletions in the putative fbp (BAB fbp mutant) 387 and glpX (BAB glpX) as well as in both genes (BAB fbp glpX), and tested their growth in a 388 complex (Peptone-Yeast Extract-Glucose) medium and in the chemically defined medium of 389 16 Gerhardt (Glutamate-Lactate-Glycerol). In the complex medium, the three mutants grew with 390 generation times and final yields similar to those of B. abortus 2308 (BAB-parental) ( Fig. 2A.1 ).
391
BAB-parental showed reduced growth rates and final yields in Glutamate-Lactate-Glycerol, as 392 expected, and we obtained identical results with either BAB fbp or BAB glpX ( Fig. 2A.2) . On 393 the other hand, BAB fbp glpX produced a markedly lower increase in turbidity in the minimal 394 medium ( Fig. 2A.2) . Complementation with plasmid pAZI-21 carrying fbp or with pAZI-23 395 carrying glpX restored the ability to grow in Glutamate-Lactate-Glycerol to levels close to that of 396 the parental strain (Supplemental Material; Fig. S3 ). These experiments strongly suggest that B.
397
abortus Fbp and GlpX are functional, an interpretation reinforced by their reciprocal 398 complementation (i.e., Fbp complemented BAB glpX and, conversely, GlpX complemented 399 BAB fbp). We then tested combinations of two C sources (Glycerol-Glutamate, Glycerol-Lactate 400 or Glutamate-Lactate). Whereas BAB glpX was not affected, BAB fbp showed retarded growth 401 only in the absence of glycerol (i.e. in Glutamate-Lactate; Fig. 3, upper panels) . Since GlpX is 402 the FBPase remaining in BAB fbp and this mutant grew normally when glycerol was present, 403 this result suggests that, as in E. coli (34), GlpX is related to glycerol metabolism. Finally, 404 although retarded and diminished, the double BAB fbp glpX mutant still showed significant 405 growth (Fig. 3, upper panels) .
406
During these experiments we noticed that BAB fbp glpX inoculated broths did not produce 407 a homogeneous growth. This was clearly observed when the double mutant was grown in 408 Glutamate-Lactate-Glycerol in side-arm flasks instead of the automated Bioscreen system.
409
Under these conditions, the bacteria formed macroscopic aggregates (Fig. 4) settling on the 410 bottom of the flasks that indicated a profound surface modification consistent with an altered 411 biosynthesis of envelope molecules. In summary, although Fbp and GlpX deficiency did not 412 abrogate bacterial multiplication, they were required not only for full growth but also for 413 production of normal cells.
Next, we investigated the pathways that supply pyruvate or PEP for gluconeogenesis. For 415 this purpose, we carried out a genomic search for homologues of the genes encoding the 416 enzymes connecting the TCA cycle and the triose-phosphate pathway in bacteria (Fig. 1) 
437
To test whether these ORFs encoded enzymes are required for growth under gluconeogenic 438 conditions, we constructed the non-polar mutants BABΔpckA and BABΔppdK. Moreover, since both PckA and Ppdk catalyze reactions eventually leading to PEP (Fig. 1) , we excluded their 440 reciprocal complementation by constructing the double mutant BABΔpckAΔppdK. We then 441 compared the growth of BAB-parental and the mutants in Peptone-Yeast Extract-Glucose and in 442 Glutamate-Lactate-Glycerol. Whereas we did not observe differences in the growth of 443 BAB pckA and BAB-parental in these two media, both BAB ppdK and BAB pckA ppdK had a 444 markedly reduced growth in Glutamate-Lactate-Glycerol (Fig. 2B) 
451
We followed a similar strategy to study the putative mae. BAB1_1036 encodes a protein of 
458
2C). The impairment was not as accentuated as that of BABΔppdK (compare Fig. 2 panels B   459 and C). In these experiments, mae mutants with the above-described phenotype were 460 consistently obtained and the control sibling revertants of wild-type phenotype recovered after 461 the last recombination event (see Material and Methods and Supplemental Material; Fig. S2 ).
462
Taken together, these results support the hypothesis that B. abortus Mae supplies pyruvate for These results suggest that, albeit impaired in growth, BABΔppdK and BABΔmae are still 514 able to reach the replicative intracellular niche. Since Mae and PpdK belong to the same 515 pathway, we selected BABΔppdK (the mutant blocked in the upper step of the pathway; Fig. 1) 
516
to confirm that the metabolic dysfunction did not prevent these bacteria from reaching the 517 endoplasmic reticulum-derived replicating niche. Figure 7A shows that, in contrast to the virB 518 mutant, BABΔppdK and the parental bacteria were similar in intracellular distribution.
519
B. abortus can also penetrate and multiply in epithelial cells (51). We found that the behavior 520 of BABΔppdK in macrophages was reproduced in HeLa cells (Fig 7A and B) . In addition, we 521 found that the CFU of the mutant and BAB-parental in HeLa cells did not differ 2 h after infection 522 (not shown), indicating that they were similar with regards to penetration. (25) . Using this model, we first studied the BABΔfbpΔglpX 530 mutant and found that it did not differ from BAB-parental in either the CFU/speen profile or the 531 splenomegaly induced (Fig. 8A) . Similarly, we did not observe attenuation for BABΔpckA ( Fig.   532 8B), which is remarkable because pckA expression increases in B. abortus mutants in 533 BvrR/BvrS, a master regulator of B. abortus virulence (52). Nevertheless, this result is consistent 534 with the genomic features of pckA and with the above-described experiments in vitro and in 535 macrophages.
536
BABΔppdK failed to reach the chronic steady phase typical of virulent brucellae yielding 537 significantly lower CFU counts after week 2 (Fig. 8B) . Clearly indicative of the strong attenuation 538 22 of BABΔppdK, we did not recover any bacteria from the spleens of 3 out of the 5 mice examined 539 at post-infection week 12, and this mutant induced less splenomegaly than the virulent bacteria 540 (Fig. 8B) . Consistent with the observations that showed no additive effect of the mutations of 541 ppdK and pckA in macrophages or in vitro, the results of BABΔpckAΔppdK in mice paralleled 542 those of BABΔppdK (Fig. 8B) . BABΔmae produced a CFU/spleen profile that differed from that of 543 either BAB-parental or BABΔppdK. Although not affected in the first 48 h (onset phase; not 544 shown) this mutant showed a lower multiplication rate during the acute phase (Fig. 8C ) that was 545 reminiscent of the lower multiplication rates observed in macrophages. Strikingly, even though 546 CFU/spleen numbers were lower than those of the wild type strains, BABΔmae produced a 547 chronic steady phase with reduced splenomegaly.
548
Finally, we tested BABΔaceA in mice. In a first experiment, the mutant did not show 549 attenuation at weeks 2, 8 and 12 (not shown). It has been reported that isocitrate lyase is 550 essential for Salmonella persistence in mice during chronic infection but dispensable for acute 551 lethal infection (53). Similarly, isocitrate lyase is dispensable in the acute phase of 552 Mycobacterium tuberculosis infection in lung macrophages of mice but facilitates persistence 553 during the chronic phase (54). Accordingly, we repeated the mouse infections and determined 554 the number of BABΔaceA CFU in spleens 16 and 24 weeks later. However, we did not find any 555 difference between this mutant and the parental strain (not shown). Therefore, even though we 556 did not rule out the possibility that the glyoxylate cycle plays a role under conditions different 557 from those tested in vitro, we concluded that this shunt is not essential for B. abortus 558 multiplication and persistence in the laboratory models used. Since the PEP-glyoxylate pathway 559 relies on both AceA and PckA, this conclusion can be extended to this cycle.
560
DISCUSSION
561
B. abortus lacks the genes necessary for the metabolism of glycogen or poly-beta-562 hydroxyalkanoates, the two C reserve materials used by prokaryotes (55). Thus, these bacteria 563 depend on nutrients provided by the host to multiply intracellularly and, accordingly, they need a 564 supply of (at least) 6 C skeletons or to carry out gluconeogenesis. To investigate these 565 possibilities, we deleted ORFs that could be encoding enzymes of critical steps of 566 gluconeogenesis, or of steps providing the necessary precursors. The genomic characteristics of 567 the ORFs analyzed and the phenotypes observed in vitro support the hypothesis that they 568 encode FBPases, a pyruvate phosphate dikinase and a malic enzyme of B. abortus. Moreover, 569 the analyses in cells show that the proteins coded for by ppdK and mae become necessary once 570 the replicative niche is reached, as expected from metabolic mutants.
571
Since FBPases are essential for gluconeogenesis, the observation that growth in 572 gluconeogenic media was not abolished in the Fbp-GlpX double mutant is intriguing and several 573 hypotheses can be considered to explain these results. The existence of a third FBPase is the 574 first and more obvious possibility. Up to now, five different types of FBPases (I to V) have been 
581
Ochrobactrum anthropi and none in Brucella. This is in agreement with the fact that no bacterial 582 genome has been described to carry a combination of classes I and III (34). Also, it has been 583 described that some E. coli carry two class II FBPases (GlpX and YggF (56) GlpX reciprocal complementation (i.e. the fact that only the double mutant shows phenotype in 587 vitro in the absence of glycerol) suggest that these are the main and possibly the only FBPases 588 24 in B. abortus. An alternative to the third FBPase hypothesis is the existence of an atypical 589 gluconeogenesis less efficient than the classical one. Hypothetically, a fructose-6-P aldolase 590 could take part in gluconeogenesis. This has been described in E. coli K-12 where ORF b0825 591 encodes an enzyme that catalyzes the reversible conversion of fructose-6-P to 592 dihydroxyacetone and glyceraldehyde-3-P (58). This aldolase is different from that operating in 593 the pentose-phosphate cycle and its physiological role is uncertain. However, the only 594 homologous in B. abortus (ORF BAB1_1813) is annotated as transaldolase and, in addition to 595 the fact that it should represent the enzyme of the pentose-phosphate cycle, the identity (30%) is 596 below the threshold considered to be significant (59). Obviously, a rigorous analysis of these two 597 hypotheses requires enzymatic analysis of double deficient cells. Finally, the significance of the 598 mucoid aggregates produced by the double FBPase mutant cannot be disregarded since this 599 phenotype suggests that the growth observed does not correspond to a natural condition.
600
Bearing in mind that enzymatic analyses are necessary to reach definite conclusions, our 601 results and those of previous works with B. abortus 2308 offer insight into some global models of 602 the metabolism of these bacteria during intracellular life in the host.
603
A first model (gluconeogenic model) can be proposed on the ability of B. abortus to grow in 604 the defined medium of Gerhardt and on the proteomic studies in macrophages that suggest that 605 B. abortus shifts to an amino acid-based metabolism in which the glutamate pool is increased 606 (23) . According to this model, molecules like glycerol, lactate or pyruvate and amino acids 607 channeled to oxaloacetate, keto-glutarate or pyruvate are the main substrates, and molecules of 608 6 and 5 C are derived from the latter. In this regard, it is remarkable that dysfunction of two 609 major FBPases did not bring about any perceptible attenuation either in cells or mice. Although 610 the reduced growth of the BAB fbp glpx mutant in vitro precludes a clear-cut conclusion, the 611 contrasting in vivo and in vitro multiplication and the mucoid phenotype of the double mutant in 612 the minimal medium are more consistent with models alternative to the gluconeogenic one.
Moreover, two lines of evidence indicate that glucose (or closely related hexoses) is available in 614 the host. First, a B. abortus 2308 (and B. suis 1330) GluP (glucose/galactose transporter) 615 mutant has been identified as attenuated in signature tagged experiments in (15, 20, 20) . Second, 616 it has been reported recently that the multiplication of B. abortus in alternatively activated 617 macrophages increases when the intracellular glucose levels are artificially increased (60).
618
Based on these observations, an almost opposite model proposes a main role for 6 C sugars in 619 the replicative niche (and 5 C sugars if we assume that the evidence obtained in B. melitensis 620 also applies to B. abortus; see Introduction). These sugars would provide trioses-phosphate 621 through the pentose phosphate cycle and serve also as precursors for biosynthesis of envelope 622 polymers. This second model, however, does not account for the attenuation observed for the 623 ppdK and mae mutants, which strongly suggests that molecules necessary for growth are 624 derived from the TCA in vivo.
625
A third model proposes that there is a limited supply of 6 C (and 5 C) sugars that is 626 compensated by glutamate, alanine and other amino acids. Those sugars would be used mostly 627 or exclusively for biosynthesis of envelope polymers and for the pentose-phosphate cycle-628 dependent biosynthetic reactions. This model is consistent with the results of this and previous 629 works. First, the different phenotype of the B. abortus BAB fbp glpx double mutant in vivo and 630 in vitro is more coherent with the hypothesis that classical gluconeogenesis is not extensively 631 used in vivo. In addition, the B. abortus 2308 gluP mutant identified in signature-tagged 632 mutagenesis studies is not clearly attenuated at two weeks post-infection and manifests its 633 attenuation at times (8 weeks) that correspond to the chronic phase (20). This suggests that the 634 bacteria do not depend totally on hexoses for intracellular biosynthetic processes, and that this 635 dependence is manifested at late times perhaps as the result of changes in the replicative 636 vacuole (see below). Indeed, the infection experiments performed in alternatively activated 637 macrophages suggest that, although available, glucose is a limiting factor for B. abortus growth 638 26 at least during the chronic phase (60). Proteomic studies carried out with B. abortus 2308 show 639 that expression of two proteins of the dihydroxyacetone kinase complex (Dha) of the PEP-640 carbohydrate phosphotransferase system (PTS) is reduced throughout infection in macrophages 641 (23) . Although this has been interpreted to mean that reduced PTS expression may be the result 642 of a short supply of sugars within the replicative niche, the Brucella PTS lacks the sugar 643 permease unit and is likely to act as a regulatory system coordinating C and N metabolism (61).
644
On the other hand, the signature-tagged mutagenesis and proteomic studies show attenuation 645 of a gltD (putatively encoding the small subunit of glutamate synthase) mutant (20) and an 646 increment of enzymes involved in increasing the pool of glutamate (23) that are consistent with 647 the model. Finally, this third model accounts for the attenuation of the ppdK and mae mutants 648 and could also explain in part the differences between the mutants in these two genes that were 649 observed in mice (Fig. 8) . Since according to the model sugars are used mostly to construct 650 envelope polymers and for pentose-phosphate cycle derived precursors, additional molecules 651 for biosynthesis must be derived from TCA. PpdK works to produce PEP, which is used to 652 synthesize phenylalanine, tyrosine and tryptophan, glycerolipids and other PEP-derived 653 molecules. Mae supplies pyruvate for PpdK in vivo but TCA would not be the only source of 654 pyruvate. This is suggested by the fact that the mae mutant was both delayed in reaching the 655 chronic phase of infection and in lower numbers in the spleen during this phase, which contrasts 656 with the inability of the ppdK mutant to generate chronic infections. Interestingly, it has been 657 shown recently that, when provided with multiple carbon sources, Mycobacterium tuberculosis 658 differentially catabolizes each carbon source through the glycolytic, pentose phosphate, and/or 659 TCA pathways to distinct metabolic fates, and it has been suggested that this ability reflects an 660 adaptation to pathogenicity (62). Indeed, such ability could also be necessary for B. abortus to 661 coordinately use the different substrates proposed for this model. Although the last model fits the experimental evidence, it is obvious that it represents only a 663 first approach to the situation in the natural hosts because we cannot assume that the niche is 664 static during a chronic infection or uniform among different types of cells. In the above- (63) and the physiological characteristics of these cells are different. Also, different 674 spleen cells become colonized at different times after intraperitoneal inoculation of mice (64).
675
Clearly, research is necessary to investigate these aspects of the relationship between 676 metabolism and intracellular multiplication in B. abortus and in other species of the genus. 
909
The experiment was repeated three times with similar results. 
935
BAB pckA ppdK was also attenuated at weeks 8 and 12 (p < 0.001) (weeks 4 and 6 were not 936 tested).
